The intestinal epithelium is maintained by a population of rapidly cycling (Lgr5 + ) intestinal stem cells (ISCs). It has been postulated, however, that slowly cycling ISCs must also be present in the intestine to protect the genome from accumulating deleterious mutations and to allow for a response to tissue injury. Here, we identify a subpopulation of slowly cycling ISCs marked by mouse telomerase reverse transcriptase (mTert) expression that can give rise to Lgr5 + cells. mTert-expressing cells distribute in a pattern along the crypt-villus axis similar to long-term label-retaining cells (LRCs) and are resistant to tissue injury. Lineage-tracing studies demonstrate that mTert + cells give rise to all differentiated intestinal cell types, persist long term, and contribute to the regenerative response following injury. Consistent with other highly regenerative tissues, our results demonstrate that a slowly cycling stem cell population exists within the intestine. E very day the small intestinal epithelium of a normal mouse sheds ∼2 × 10 8 cells into the lumen of the gut, placing it among the most highly regenerative mammalian tissues (1) . It is well established that the absorptive and secretory lineages of the continuously renewing intestinal epithelium are maintained by multipotent intestinal stem cells (ISCs) (2) , although their identity remained elusive until recently due to a lack of definitive ISC markers (3) . Using lineage-tracing techniques, Hans Clevers' group identified Lgr5 (4) and Ascl2 (5) as markers for highly proliferative crypt base columnar (CBC) cells, which contribute to all intestinal lineages during extended chase. Their high rate of proliferation, however, was a surprising characteristic, given most mammalian stem cell populations are thought to be maintained in a slowly cycling (largely quiescent) state (6) . Additional ISC markers have recently been identified, although their cell cycle status has yet to be established. For example, the Capecchi group defined Bmi-1, a member of the Polycomb group gene family, as an ISC marker that appears to mark cells that are largely distinct from Lgr5 + cells (7), although more recent evidence supports some overlap. Whereas the coexistence of quiescent and active stem cells has been demonstrated in other mammalian tissues, the presence of quiescent ISCs remains controversial (8) .
Relative resistance to cellular senescence, despite multiple rounds of cell division, is a common characteristic of stem cells. Telomerase is a ribonucleoprotein complex that helps maintain the telomeric ends of chromosomes, normally shortened with each cell division. Because loss of telomeric DNA beyond a critical threshold induces senescence in most somatic cells, maintenance or induction of telomerase activity provides a means of preventing cellular senescence (9) that may be relevant for the self-renewal of tissue stem cells. Consistent with this hypothesis, loss of telomerase has been shown to result in intestinal villus atrophy, suggesting a functional requirement for telomerase activity and/or telomere maintenance in ISC function (10) . In addition, several reports have recently implicated mouse telomerase reverse transcriptase (mTERT) in the direct regulation of stem cell proliferation and mobilization (11, 12 ).
At the whole tissue level, telomerase activity and expression have been identified within self-renewing tissues such as testis, bone marrow, and intestine (13, 14) . However, with the exception of testis, telomerase is expressed at very low levels (15) (16) (17) (18) (19) and has been localized to single telomerase-expressing cells within the lower crypt (20) . Previously, we generated a mTert-GFP transgenic mouse model system in which GFP expression recapitulates endogenous mTert expression and telomerase activity (14) . Using this model, we have shown that mTert marks embryonic and adult stem cells as well as induced pluripotent stem (iPS) cells (14, 21) . In the intestine, prior studies showed that mTert-GFP marks long-term label-retaining cells (LRCs) within the intestinal crypt, suggesting it may mark quiescent ISCs (14) . Here, we report that mTert expression marks a slowly cycling ISC population distinct from Lgr5 + cells. mTert + cells contribute to all differentiated intestinal cell types as well as the Lgr5 + cell population, persist long-term, are resistant to injury, and contribute to the regenerative response following tissue injury. Thus, a slowly cycling stem cell exists within the intestine alongside and perhaps upstream of the Lgr5 + population.
Results

mTert-GFP Expression Marks Single Cells in the Intestinal Crypt.
Previously we reported a rare population of single telomerasepositive cells present within intestinal crypts occurring at an average frequency of 1 GFP + cell per 150 crypts ( Fig. 1A and ref. 14) consistent with its relatively low expression level (Fig. 1B) . To further study these cells, we used EDTA chelation to isolate intestinal epithelial cells for flow cytometry. GFP + cells were present in the main population of cells at a frequency of 1.7 ± 0.3% (Fig. 1E ) and were found in both proximal and distal intestine at a ratio of ∼2:1, respectively. For comparison, two GFP − populations were also studied, which included cells from the main population and from a population of smaller cells (Fig.  1E) , which was enriched for Lgr5 + cells (Fig. 1H) . Consistent with our prior findings (14), telomerase expression and activity was detected within GFP + crypt cells but was absent from the smaller GFP − cells ( Fig. 1 F and H) . Whereas GFP − cells from the main population (Fig. 1E) were largely negative for telomerase activity, occasionally we detected low levels of activity, which may be attributed to inefficient sorting of the somewhat dim GFP + cells or possibly to our reporter system marking a subpopulation of mTert-expressing cells. To rule out any effect of genomic integration on transgene expression, two independent lines of mTert-GFP mice were studied. Both lines exhibited an overlapping GFP expression profile, so for simplicity, results from one line are presented.
mTert-GFP Cells Are Distinct from Lgr5 + Cells. Historically, the location of a cell along the crypt axis has been used to infer its function. For example, slowly cycling LRCs, presumed to be stem cells, are distributed throughout the lower crypt with a peak frequency between positions 4 and 9, commonly referred to as "position +4" (2) . Using these previously established criteria, we scored the location of GFP + cells along the crypt axis. The majority of cells were present between positions 5 and 8 ( Fig.  1G) , consistent with prior colocalization of mTert-GFP and LRCs (14) . A similar distribution has been reported for Bmi-1 + intestinal stem cells (7) . In addition, Bmi-1 + and GFP + cells are occasionally present in positions 1 and 2, near the crypt bottom ( Fig. 1G) (7) , the region in which Lgr5-expressing CBC cells are primarily located (4) .
Given the slight overlap in position between mTert-GFP + and Lgr5 + cells (Fig. 1G) (Fig. 1H) , which was detected only within GFP − small cells ( Fig. 1H  and Fig. S1 ). This finding was confirmed using Lgr5-GFP-IRESCreER mice. Therefore, subsequent studies using a GFP − population used this Lgr5-enriched population. Intriguingly, Bmi-1 expression was detected in all populations (Fig. 1E and Fig. S1 ). In summary, mTert expression marks a population of crypt cells distinct from Lgr5 + CBC cells and also marks a subpopulation of Bmi-1 + cells.
mTert-GFP
+ Cells Are Slowly Cycling. Telomerase expression is generally associated with cellular proliferation (22) . Given the highly regenerative nature of the intestinal epithelium, one would speculate that mTert-expressing cells are rapidly dividing, similar to Lgr5 + cells. However, the fact that mTert-GFP marks LRCs (14) would suggest these cells are slowly cycling. To address this discrepancy, we determined the proliferative rate of mTert-expressing cells. Confocal microscopic analysis of crypt sections revealed GFP + cells were negative for Ki67 ( Fig. 2A) Coexpression of mTert-GFP with Putative ISC Markers. To investigate the relationship of mTert-GFP + cells to so-called "activated" stem cells present in position +4 we performed immunohistochemistry using antibodies for P-β-catS552 (23) and P-PTEN (24) . Interestingly, neither P-β-catS552 nor P-PTEN colocalized with GFP ( Fig. 2 D-F and Fig. S3A ) despite the fact that P-PTEN + cells shared a similar distribution profile to GFP + cells within the crypt (compare Fig. 1G and Fig. S3B ), thereby indicating that mTert-GFP marks ISCs in the nonactivated state. Intriguingly, whereas P-β-catS552 and GFP did not colocalize within the same cell, GFP + cells were predominantly found adjacent to the more abundant P-β-catS552 + cells ( Fig. 2F and Fig. S4 ). Analysis of other proposed ISC markers revealed the majority of GFP + cells (79.7 ± 1.9%) coexpressed β1-integrin (25), whereas only a small percentage coexpressed BMP-R1a (24) (6.8 ± 1.7%), Sca-1 (26) (5.9 ± 1.9%), or DCAMKL-1 (27) (18%) (Fig. S5 ). Taken together, these results show that mTert-GFP expression partially overlaps with previously proposed ISC markers, indicating it may mark a specific ISC population or a specific differentiation state.
+ Cells Are Resistant to Injury. In response to injury, the intestine has a large regenerative capacity, which may result from the mobilization of a population of quiescent stem cells present in position +4 (2) . Paradoxically, cells in this position have been shown to be highly sensitive to both low-and high-dose radiation (4, 28) , although such studies have not used ISC-specific markers, leaving open the possibility that multiple cell types may be present in this region. In contrast, Lgr5 + stem cells have been shown to be resistant to low-dose (1 Gy) although sensitive to high-dose (10 Gy) radiation (4) . To assess the sensitivity of mTert-GFP + cells to intestinal injury, we administered whole body gamma irradiation (1 or 10 Gy) to mTert-GFP mice and scored for cell death using the dual criteria of rounded apoptotic body morphology and activated-caspase-3 staining (28). Despite a dose-dependent increase in the percentage of apoptotic crypt cells, analysis of ∼9,000 crypts and 44 GFP + cells revealed no evidence for apoptotic induction within the GFP + population (1 Gy, 0/19 cells; 10 Gy, 0/25 cells) (Fig. S6) . These results indicate that mTert-GFP + cells at position +4 are resistant to the effects of ionizing radiation, in contrast to the variable sensitivity of classical position +4 and CBC cells to low-(1 Gy) and highdose (10 Gy) radiation, respectively (4), and suggest functional heterogeneity among cells in this position. Interestingly, these results are consistent with other regenerative and neoplastic systems where slowly cycling stem cells are generally radioresistant, whereas rapidly cycling cells are radiosensitive.
mTert-CreER Expression Marks a Subpopulation of Multipotent ISCs.
To functionally establish that mTert marks ISCs, we generated tamoxifen-inducible mTert-CreER::R26R mice (Fig. S7) and performed short-and long-term lineage-tracing studies. Shortly after induction, histological analysis demonstrated single LacZstained cells (Fig. 3 A-C) in a distribution similar to mTert-GFP + cells. In some cases, staining progressed to small clusters of LacZ-marked cells (Fig. 3 D-I ) and ultimately to complete stripes emanating from the crypt base to the villus tip (Fig. 3 J-L), still detected after 2 y of chase. Interestingly, as previously described for Bmi-1-induced Cre recombination (7), we also observed a gradient along the intestine with most recombination events restricted to the proximal half of the small bowel. Analysis of LacZ-stained villus-crypt units following long-term chase confirmed that mTert-expressing cells give rise to both intestinal lineages (absorptive and secretory), including all four differentiated cell types (Fig. 3 M-R) . Furthermore, quantitative analysis of LacZ-stained clones and adjacent nonstained clones showed a similar frequency of each differentiated cell type, confirming mTert expression marks multipotent ISCs (Table S1 ). No LacZ staining was detected in placebo-treated control mice.
To determine whether telomerase marks stem cells in related organs, we next examined the colon and cecum of bigenic mice following long-term chase. Both tissues demonstrated LacZstained crypts extending from the basal to the luminal surface, which included both colonocytes as well as goblet cells, confirming permanent marking of long-lived, multipotent colonic stem cells (Fig. 3 S-W) .
Majority of Cells Marked by mTert-CreER Expression Are Slowly
Cycling. Given only a small fraction of mTert-GFP cells are cycling at any given time (Fig. 2 A-C) , we speculated that the majority of mTert-CreER-expressing cells might not be actively contributing to villus stripes under basal conditions. To investigate this possibility, we developed a whole mount LacZ crypt assay, which allows for the microscopic analysis of individual crypts at the single cell level. Consistent with our hypothesis, the majority of LacZ-marked crypts (93%) contained only single or few (2-4) LacZ + cells, whereas only 7% gave rise to full lineage stripes following 4 d or 1 mo of chase (Fig. 4A) . These results indicate that the majority of cells marked by mTert-CreER are quiescent or slowly cycling consistent with the mTert-GFP data (Fig. 2 B and C and Fig. S2 ). The similarity between the percentage of marked crypts giving rise to full lineage stripes and the proportion of mTert-GFP + cells that are cycling (Fig. 2C) signifies that the cycling mTert + cells give rise to the differentiated cell lineages. To investigate whether the quiescent cell population progressively contributes to the active stem cell pool over time, we compared the proportion of LacZ marked crypts containing single cells (no stripes) vs. multiple cells (full lineage stripes) at baseline (<1 mo) and after an extended period of chase (>1 y). Interestingly, with time, there was a dramatic shift toward marked crypts giving rise to full lineage stripes (7 vs. 65%) (Fig. S8) . Taken together these results indicated that, whereas mTert-expressing cells contribute minimally to normal intestinal homeostasis, over the life of the organism they progressively contribute to the crypt/villus unit presumably through the active stem cell pool.
mTert-Expressing Cells Contribute to the Regenerative Response
Following Injury. The intestine is capable of regeneration following irradiation-induced injury (29) . To investigate whether mTert + ISCs play a role in this process, mTert-CreER mice were exposed to varying doses of ionizing radiation (0, 1, 10, and 15 Gy) followed by tamoxifen administration. Analysis of crypts at the peak of the regenerative response (4 d) revealed mTert-expressing cells contribute to intestinal regeneration in a dose-dependent manner, as demonstrated by an 8-to 10-fold increase in the frequency of total LacZ-marked intestinal crypts (Fig. 4B) . Whether this increase is due to preferential survival of mTert-expressing cells or to induction of mTert expression remains to be determined. Furthermore, the fraction of crypts containing multiple LacZ-marked cells, compared with single LacZ-marked cells, increased 12-to 15-fold with high-dose radiation (Fig. 4C) . These results establish a role for mTert-expressing cells in the regenerative response and provide a potential mechanism by which radiation-sensitive ISCs might be restored following intestinal injury.
mTert-Expressing Cells Can Give Rise to Lgr5-Expressing Cells. It has recently been proposed that Lgr5 + cells in skin arise from a more "primitive" stem cell (30) . Whether a similar hierarchy exists in the intestine remains to be determined. Interestingly, our lineage-tracing analysis revealed LacZ + cells at the base of the crypt (Fig. 3 H and I) where Lgr5 + CBC cells reside, suggesting they may be derived from mTert + cells. To investigate this possibility we performed short-term pulse-chase experiments with mTertCreER::R26R mice in combination with flow cytometry. This approach was chosen because adequate LGR5-specific antibodies are not currently available. On the basis of our lineagetracing data (Fig. 3) , we predicted that immediately following induction, a small number of LacZ + cells would be present in the main population but not in the Lgr5-enriched small population (Fig. 5A) . If Lgr5-expressing cells arise from mTert-expressing cells, then following a period of chase, LacZ + Lgr5 + cells should appear in the small population (Fig. 5A, model 1) . Alternatively, if mTert-expressing cells do not contribute, then LacZ + cells should be absent from the Lgr5 + small cell population (Fig. 5A,  model 2) . Following induction, LacZ + cells were detected only in the main population ( Fig. 5 C and D) . No LacZ + cells were detected in the small population. Consistent with model 1, following a 5-d chase, LacZ + cells were now present in both cell populations (Fig. 5 F and G) .
To confirm that Lgr5 + cells were present within the LacZ + small population but not within the main population, we collected LacZ + cells from both populations by FACS and performed RT-PCR analysis. Cells isolated from the main population ( Fig.  5 C and F, red gates) during either the pulse or chase period proved to be Lgr5 − (Fig. 5 H and I) , whereas LacZ + cells collected from the small population following chase (Fig. 5F , dashed gate) were Lgr5 + (Fig. 5I) . These results provide important proof-ofprinciple evidence that Lgr5 + CBC cells can arise from mTertexpressing ISCs, suggesting a possible mechanism by which the active stem cell population may be renewed throughout the life of the organism.
Discussion
The traditional view that mammalian stem cells are slowly cycling has recently been challenged by the discovery of rapidly cycling (Lgr5 + ) stem cells in intestine (4). Here we report the identification of a slowly cycling ISC marked by mTert expression. This ISC population is long lived, multipotent, and distinct from rapidly cycling Lgr5 + ISCs. In addition, whereas Lgr5 + cells and putative ISCs present at position +4 are sensitive to the effects of ionizing radiation, mTert-expressing cells are resistant to high-dose radiation. Furthermore, our data indicate that mTert-expressing cells contribute to the regenerative response following injury and can give rise to Lgr5 + cells, demonstrating a relationship between these populations (Fig. S9) . Finally, our results demonstrate that both rapidly and slowly cycling stem cells can coexist in the intestine, similar to prior findings in skin (31) , suggesting this may be a general feature of many organ systems (8) .
The coexistence of separate populations of stem cells within mammalian tissues has raised questions about the mechanisms of tissue maintenance and repair under both homeostatic and regenerative conditions. For example, rapidly cycling stem cells are postulated to play a major role in tissue homeostasis, whereas slowly cycling cells may function more in tissue regeneration. Consistent with this hypothesis, "dormant" stem cells have recently been shown to function following tissue injury, while only minimally contributing to tissue homeostasis. Whether mTertexpressing cells represent such a population in the intestine remains to be determined; however, their ability to give rise (albeit at low levels) to rapidly cycling Lgr5 + cells during normal intestinal homeostasis is proof of principle that they may play a role in restoring the Lgr5 + ISC population. In fact, given the relative sensitivity of Lgr5-expressing cells to ionizing radiation, compared with mTert-expressing cells, it is plausible this is a mechanism by which rapidly cycling Lgr5 + cells might be reestablished following injury. Alternatively, it is theoretically possible that Lgr5-expressing cells could periodically exit the cell cycle to protect themselves from injury. It will also be of interest to determine whether Lgr5-expressing cells contribute to the mTert-expressing population.
Despite the recent identification of additional molecular markers for ISCs, evidence that a slowly cycling ISC population exists has remained elusive. Whereas Bmi-1 has been proposed to mark slowly cycling cells, our studies would indicate that it is expressed in both rapidly and slowly cycling stem cell populations, consistent with previous findings (32). In addition, whereas DCAMKL-1 marks slowly cycling cells within the intestine (27) , definitive lineage-tracing data have yet to confirm their role as stem cells. The identification of a population of mTert-expressing ISCs provides important functional evidence for the existence of a slowly cycling ISC population within the intestinal crypt. The variable coexpression of mTert-GFP and the proposed ISC markers BMP-R1a, Sca-1, and β1-integrin, as well as Ki67, suggest these cells represent a heterogenous population. It will be of interest to determine at the single cell level whether or not multiple markers are coexpressed on these cells and their correlation with proliferation status. Curiously, we noted that a similar percentage of mTert-GFP + cells were positive for the cell surface marker BMP-R1a as were positive for Ki67, raising the possibility that BMP-R1a may be marking cycling GFP + cells. BMP signaling is active in slowly cycling cells present in position +4 and it has been suggested to play a role in stem cell self-renewal and the response to tissue injury (8) .
Asymmetric cellular division of a quiescent stem cell results in a self-renewing daughter cell and a transit-amplifying progenitor cell (33, 34) . Whether this hierarchical model applies to the intestine has recently been studied using lineage-tracing models targeting the proliferative compartment (35, 36) . These studies provide compelling evidence that rapidly cycling ISCs, which are essential for daily homeostasis, undergo symmetrical divisions following a pattern of neutral drift dynamics. As pointed out, however, these studies cannot rule out the existence of asymmetric division resulting from a slowly cycling ISC population (36) . It may now be possible to determine whether asymmetric division, resulting from quiescent ISCs, occurs within the intestinal epithelium.
Our observation that mTert-expression marks a slowly cycling stem cell population stands in direct contrast to the commonly held view that it marks dividing cells, although the available data for this claim are mixed (22) . The Artandi lab has demonstrated that mTERT induction is sufficient to activate quiescent epidermal stem cells (12) and, in the intestine, functions as a transcriptional modulator of the Wnt/β-catenin signaling pathway (37) . While their data are highly intriguing, it is not readily apparent that direct comparisons can be made between their model and ours. For example, whereas overexpression of mTERT within quiescent stem cells (that might not normally express telomerase) may cause them to be activated, it is not clear that endogenous mTERT + cells are similarly activated. It is also possible that sustained vs. transient mTERT expression could have differential effects on cellular proliferation. Alternatively, Wnt signaling may be suppressed in some endogenous mTERT + cells depending on their BMP signaling status, as previously suggested (23) , and derepression may trigger them to be activated and emerge from quiescence. In addition, mTERT may activate only Wnt-dependent cells. Finally, given the lack of an overt phenotype in early generation mTert ( −/− ) knockout mice, it has been suggested that mTERT may not be essential for stem cell proliferation under basal conditions (38) .
In summary, we have identified a slowly cycling ISC that coexists with rapidly cycling stem cells. These cells are primarily located above the Paneth cell zone, coincident with the location of traditional LRCs. A detailed understanding of their role in the regenerative response to injury as well as the role of targeted mutations in neoplastic transformation may ultimately translate into improved therapeutic treatment options for individuals with intestinal disease and cancer.
Materials and Methods
Mice and Labeling Experiments. mTert-GFP, Lgr5-GFP-IRES-CreER (Jax 008875), and Gt(ROSA)26Sor tm1Sor (R26R) (Jax strain 003474) were described previously (4, 14) . mTert-CreER mice were generated as described in SI Materials and Methods. Mice studied were 1-6 mo of age unless indicated. Procedures were approved by our institutional animal care and use com- mittee. mTert-CreER::R26R mice were treated with 10-20 mg of tamoxifen (T) (Sigma), 4-hydroxytamoxifen (4-OHT) (Sigma), or corn oil (per os, s.c., or i.p.) as a single dose or over the course of 3-5 d. LacZ staining was analyzed after 1 d to 2 y using whole mount or histological analysis as described in SI Materials and Methods. Irradiation was administered using a Gammacell 40 irradiator at 80 cGy/min. Flow Cytometry. Intestinal crypt cells were isolated using a chelation method (39) and confirmed to contain >99% epithelial cells. Cells were routinely stained with anti-CD45-PE or -APC (1:100; BD Pharmingen or eBioscience) to exclude all hematopoietic cells. Propidium iodide (1-2 μg/mL) was used to exclude dead cells. In some experiments, cells were stained with rat anti-β1 integrin-PE (CD29; 1:400; Biolegend), rat anti-Sca-1-PE (1:100; BD Pharmigen), rabbit anti-BMP-R1a (1:20; Santa Cruz) with goat anti-rabbit-PE (1:200; Jackson Immunoresearch), rabbit anti-Ki67 (NeoMarker) with goat antirabbit-PB (1:100; Invitrogen). The FluoReporter lacZ Flow Cytometry kit (Molecular Probes) was used to detect β-galactosidase activity as described in SI Materials and Methods. BD FACSAria or MoFlo flow cytometers were used; data were analyzed using FlowJo (Tree Star).
Immunohistochemistry. Staining was performed as described in SI Materials and Methods using the following antibodies: rabbit anti-GFP (1:8,000; Abcam), chicken anti-GFP (1:500; Aves Labs or 1:2,000; Abcam), anti-Phospho-PTEN (1:25; Cell Signaling), anti-P-β-catS552 (1:750), anti-DCAMKL-1 (1:200), anti-Ki67 (NeoMarker), and antiactivated caspase-3 (1:100; Cell Signaling). Sections from wild-type mice were used to confirm the specificity of GFP staining. Images were obtained using a Nikon Eclipse E800 microscope and Spot software, unless specified.
TRAP Assay. Telomerase activity was assessed using cell extracts from 1,000 FACS-isolated cells and the TeloTAGGG Telomerase PCR ELISA Plus kit (Roche) in accordance with the manufacturer's recommendations. Telomeraseexpressing HEK293 cells served as a (+) control and heat inactivated (HI) HEK293 cell extracts served as a (−) control.
RT-PCR and Quantitative RT-PCR Analysis. For RT-PCR, 500-8,000 cells were sorted directly into TRIzol reagent (Sigma). For LacZ + cells, equivalent numbers of fluorescein-positive cells were analyzed. RNA isolated from whole intestine was used as a positive control. Following RNA extraction, first strand cDNA synthesis was performed with the iScript Select cDNA Synthesis kit (BioRad Laboratories) and one-tenth the volume was used to perform each RT-PCR analysis. For qRT-PCR analysis, total RNA was isolated from adult tissues using TRIzol reagent and cDNA was synthesized as described above. Relative quantification was performed using iQ SYBR green PCR master mix (Bio-Rad) and iCycler (iQ5) real-time PCR detection system (Bio-Rad).
